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Nuclear recoil spectroscopy of levitated particles
Alexander Malyzhenkov,∗ Vyacheslav Lebedev, and Alonso Castro†
Chemistry Division, Los Alamos National Laboratory, Los Alamos, NM, USA
(Dated: October 8, 2018)
We propose a new method for the detection and characterization of nuclear decay processes.
Specifically, we describe how nuclear decay recoil can be observed within small particles levitated in
an optical trap with high positional resolution. Precise measurements of the magnitude of each recoil
as well as their rate of occurrence can provide accurate information about the isotopic composition
of a radioactive sample. We expect that this new technique for nuclear material characterization
will be especially useful in the area of nuclear forensic analysis.
PACS numbers: 42.50.Wk, 23.60.+e, 23.40.-s, 23.20.Lv
I. INTRODUCTION
Nuclear decay is a key phenomenon of nature, span-
ning various fields of scientific study, such as nuclear
physics, radiochemistry, radiobiology and medicine. The
measurement of radioactivity in a sample and the de-
termination of the type of emitted nuclear particles is
essential for these fields because they allow the charac-
terization of the isotopic composition of the sample. In
principle, knowledge of the decay energy and the emis-
sion rate unambiguously identifies the specific decaying
isotope. There are many techniques currently in use for
the detection and characterization of the products of nu-
clear decay: alpha spectrometry, gamma spectrometry,
beta detection, scintillation counting, cloud chamber de-
tection, etc. A more general analytical technique, mass
spectrometry, is also widely used for the isotopic anal-
ysis of nuclear materials, consisting of ionizing chemical
species and sorting the ions based on their mass-to-charge
ratio [1].
In this paper, we consider a conceptually different and
new approach to nuclear sample analysis by examining
the recoil of a daughter atom within a solid particle
of the material caused by each individual decay event.
Specifically, we consider small particle samples which are
difficult to analyze with the above-mentioned methods.
Small particle analysis is important for environmental
monitoring, and especially in nuclear forensics, in which
the isotope ratios of nuclear materials present in individ-
ual particles are measured in swipe samples taken from
the inside and outside of nuclear facilities [1]. We show
that, for micrometer and sub-micrometer particles, the
kinetic energy of the emitted nuclear particle can be de-
termined very accurately by measuring the recoil of the
sample particle levitated in an optical trap. The recoil
momentum of the daughter atom is fully absorbed by the
sample particle that contains it, resulting in a well de-
fined oscillation in the harmonic potential of the optical
∗
Also at the Department of Physics, Northern Illinois University,
Dekalb, IL, USA
†
Corresponding author: acx@lanl.gov
trap. We demonstrate that this motion due to nuclear
recoil can be measured by currently available state-of-
the-art techniques in optical trapping [2–7]. Moreover,
we calculate that an experimental setup similar to those
previously described [3, 4] would be able to measure such
recoils with high resolution, thus enabling a new method
for the characterization of nuclear samples.
In section II we present the theoretical model that de-
scribes the micro-particle recoil in an optical trap due to
nuclear decay. In section III we explain the fundamental
and practical limits for the detection of nuclear recoil of
an optically trapped particle. In section IV we examine
the possibility of using this technique as a nuclear recoil
spectrometer. We discuss potential applications of the
proposed method in section V.
II. THEORETICAL MODEL
Nuclear decay is a fundamental process by which an
unstable atom decays into a daughter atom and emits
radiation. This radiation can be carried by γ−photons
or by α− and β−particles. We begin by considering a nu-
clear decay occurring in an atom of some radioactive ma-
terial contained within a small solid particle in free space
(Fig. 1 (a), (b)). Accurate detection and characteriza-
tion of the recoil through kinematics of the solid particle
is possible if the full linear momentum of the daughter
atom (pd) and none of the linear momentum of nuclear
particle (pn) are transferred to the solid particle (ps).
This happens when the solid particle size is such that the
nuclear particle (α/β/γ) escapes the solid particle with-
out any interactions, while the daughter atom remains
within the solid. For example, for 238PuO2 this con-
dition is satisfied for particle diameters between 10 nm
and 10 µm [8]. According to the linear momentum con-
servation law, the total linear momentum of the system
before the nuclear decay (parent atom and solid particle)
is equal to its counterpart after the decay (daughter, nu-
clear particle, and solid particle). Under the assumption
that the solid particle and the parent atom are at rest
before the decay, and the daughter remains within the
2FIG. 1. (a) Schematic diagram of α−decay in a free solid
particle: the solid particle containing the daughter atom (not
pictured) recoils in the opposite direction to that of the alpha
particle. (b) Schematic diagram of β−decay in a free solid
particle: a neutrino (ν) and a beta particle initiate recoil of
the solid particle. (c) Simplified model of the recoil of the solid
particle in an optical trap approximated as a 1D harmonic
oscillator.
solid particle after the decay, we find:
ps = −pn . (1)
Distinct decay types (α/β/γ) result in different depen-
dences of the linear momentum pn (and consequently ps
through Eq. 1) on kinetic energy (Ekin) and mass of the
emitted nuclear particle, and the proximity to the rela-
tivistic regime. First, we consider the following examples
of alpha decay:
239Pu→ 235U2− + α2+, (2)
where the 239Pu half-life is 24110 years, and also,
235U→ 231Th2− + α2+, (3)
where the 235U half-life is 703.8 million years. The kinetic
energy (Ekin) of an α−particle in the nuclear decay pro-
cess in Eq. (2) is 5.16 MeV [9], which is significantly less
than its rest mass energy: E0α = mαc
2 ≈ 3.7 GeV, where
c is the speed of light in vacuum and mα is the mass of
the α−particle. Therefore, for this non-relativistic case,
the momentum of the α−particle is:
pα = mαVα =
√
2mαEkinα (4)
Another common type of nuclear decay is β−decay.
In comparison with α−decay, where an α−particle is
present in the nucleus before the decay takes place, and
it is emitted with a unique kinetic energy, a β−particle
and neutrino are simultaneously born in the process of
the decay, and have a continuous energy spectrum. Let
us consider the following example:
241Pu→ 241Am+ + β− + νe, (5)
where νe is an electron-type antineutrino and the
241Pu
half-life is 14.3 years. The mean and maximum kinetic
energies of the β−particle for this example are 5.2 keV
and 20.8 keV, respectively [9]. The typical kinetic energy
of a β−particle created during the decay of different ele-
ments vary in the range from a few keVs to a few MeVs,
while its rest mass energy E0e = mec
2 = 0.511 MeV,
where me is the mass of the electron. For the general
relativistic case, the momenta of the β−particle and the
neutrino are:
pβ = γβmec = mec
√
γ2e − 1,
pν = mνc
√
γ2ν − 1
(6)
where γe,ν = 1 +
Ekine,ν
E0e,ν
are the Lorentz factors for the
electron and neutrino, respectively. It is important to
note that the neutrino rest mass is very small: the upper
limit of the effective Majorana neutrino mass varies in
the range 0.061 - 0.165 eV [10]. However, the kinetic
energy of the neutrino can reach up to a few MeVs, and
it exhibits a continuous momentum spectrum correlated
with the corresponding β−particle counterpart [11, 12].
Finally, we consider the case of gamma decay, the pro-
cess in which an atomic nucleus emits a γ−photon while
transitioning from the excited state to a lower excited or
the ground state. For instance, this can happen when α−
or β−decay yield a daughter nucleus to be in an excited
state. For example, the α−decay of 241Am :
241Am→ 237Np2− + α2+, (7)
yields a ground state 237Np daughter with probability
of only 0.37%, while most probably (84.8%), it yields
a daughter in an excited state at 59.54 keV [9]. This
α−decay is followed by the γ−decay almost immediately
(67 ns) [9], which results in an additional momentum kick
to the solid particle in a random direction. This is under
the assumption that the γ−photon leaves the solid parti-
cle, which is a very likely case for micron-sized particles.
The interaction of gamma-rays with matter strongly de-
pends on their energy and the material properties, so
3we leave the probability estimates for that process be-
yond the scope of this paper, while more information
can be found in the literature [13]. The kinetic energies
(Ekinγ = ~wγ) for a massless γ−particle are typically
in the range 10 keV - 4 MeV [14] and are related to its
momentum via the linear dispersion relation:
pγ = ~kγ = Ekinγ/c. (8)
For the case discussed in Eq. (7), our estimates show that
the recoil momentum caused by the gamma decay from
the most probable excited state of 237Np (59.54 keV) to
the ground state is ∼ 3.5 orders of magnitude smaller
than the preceding alpha recoil momentum. Therefore,
for most cases, gamma recoil is negligible when compared
to the recoil from α−decay and, hence, can be ignored
for practical applications (see sec. IV). In contrast, the
recoil due to β−decay and that of the associated γ−decay
can be of the same order. For instance, beta decay in
238Np [15]:
238Np→ 238Pu+ + β− + νe, (9)
results in 238Pu being in two excited states: E1 =
44.051 keV and E2 = 1028.542 keV, with probabilities
of 41.1% and 44.8%, respectively [9, 16]. For simplic-
ity, we assume that the neutrino momentum is zero, and
the beta particle possesses maximum kinetic energies of
1248 keV and 263 keV, for E1 and E2, respectively [9].
For the first excited level (44.051 keV), we find the ratio
of recoil momenta between β− and γ−decays to be ∼ 38.
The half-life time of 238Pu on this level is ∼ 175 ps [9],
which means that the randomly directed γ−kick will
cause spectrum broadening of the β−recoil in this simpli-
fied neutrino-less approximation. For the most probable
excited level (1028.542 keV) of 238Pu, our estimates show
that the γ−kick is actually ∼ 1.6 times larger than the
biggest possible preceding kick from β−decay. To the
best of our knowledge, the half-life time at this level has
not been measured yet, but if it is less than several µs,
it will significantly complicate beta decay characteriza-
tion in this particular example. Quantifying β−decay in
a solid particle with our method is additionally compli-
cated because of the spectrum broadening due to neu-
trino emission, so we suppose that the proposed tech-
nique is limited to samples where γ−decay is significantly
postponed from β−decay, or is not present at all (see sec.
IV).
Due to the small size of the particles considered here,
it is essential to estimate the rate at which nuclear decay
happens, and how it scales with the size of the particle.
Nuclear exponential decay is described by the equation:
N(t) = N0e
−t/τ , (10)
where N0 is the initial number of radioactive atoms, N(t)
is the number of not decayed atoms, τ = t1/2/ ln(2) and
t1/2 are the mean lifetime and the half-life of the decaying
atoms, respectively [14]. The number of nuclear decays
per time interval from t1 to t1 +∆t can be found as:
∆N = N(t1)−N(t1 +∆t) ≃ N(t1)∆t/τ, (11)
if ∆t << τ . Therefore, the average recoil rate (r =
∆N/∆t) is proportional to the number of radioactive
atoms, and inversely proportional to their half-life. In
addition, the rate of recoil depends on the isotopic com-
position of the sample and the radioactivity of each iso-
tope present. For simplicity, consider a solid particle of a
radioactive element (R) oxide, RAOB, approximated by
a sphere with diameter, d. Then, the mass of this particle
is: m = 1
6
piρd3, where ρ is the average particle density.
Hence, the number of radioactive atoms in this particle
is: NR =
m
MNaA, where Na is Avogadro’s number, and
M is the molar mass of the oxide. For example, as pre-
sented in Figure 2 (a), for a 4.5 µm U3O8 particle with
100% 235U isotope abundance (half-life of 703.8 million
years) we find r = NU ln 2t1/2 = 2 α−decays per day. In com-
parison, for 241Pu (half-life of 14.3 years) in a particle of
PuO2 thirty times smaller (d = 150 nm), we expect ∼ 4
β−decays per minute.
In order to observe a statistically significant number of
recoils, it is essential to localize a particle in space. One of
the most advanced methods to achieve this localization is
via optical trapping, which allows the levitation of a par-
ticle by one or several laser beams [17, 18]. The motion of
a solid particle in an optical trap near the point-of-rest is
well-described by a harmonic oscillator. Using a 1D ap-
proximation, we find that the displacement of a particle
initially at rest due to the nuclear recoil is:
∆xrec =
Vs
ω
=
ps
msω
=
pn
msω
, (12)
where Vs and ms are the velocity and mass of the solid
particle, and ω is the trap frequency. As shown above,
the displacement caused by nuclear recoil is inversely pro-
portional to the particle mass and, hence, it scales with
the diameter of the particle as ∼ d−3 (Fig. 2 (b)). For
example, for a 100 nm particle of pure 235U3O8 under-
going alpha recoil (Ekin ∼ 4.5 MeV) [9] in a trap with
ω = 1 kHz, the expected displacement is ∼ 1 µm. This
displacement is well above the positional resolution of re-
cently demonstrated experimental techniques, which are
capable of detecting displacements of several picometers
[3, 4].
Levitating particles of oxides of actinides such as ura-
nium, plutonium, and americium, should be feasible with
conventional gradient force traps [17, 18], since these
compounds exhibit dielectric optical properties. In con-
trast, trapping particles of pure metal actinides may be
problematic because they exhibit a high degree of opti-
cal absorption diminishing the gradient force and as a
result preventing the levitation in high vacuum. An ex-
ception to this complication for metallic particles can be
made when the diameter is much smaller than the trap-
ping laser wavelength [19, 20], since the skin-depth of
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FIG. 2. (a) Recoil rate as a function of particle diameter for
241
Pu,
239
Pu, and
235
U particles in oxide form (PuO2 and
UO2). (b) Particle displacement due to nuclear recoil as a
function of particle diameter in a 1 kHz optical trap. The
β−recoil is calculated under the assumption of a zero neutrino
momentum and mean β−energy.
metals is typically of the order of at least several wave-
lengths in the optical frequency range. Photon absorp-
tion can dramatically increase the internal temperature
of the particle, even up to the melting point of the mate-
rial, as has been shown for silicon oxide particles, for ex-
ample [21, 22]. Indeed, practically the only cooling mech-
anism of the trapped particle in high vacuum is black
body radiation, which has been demonstrated to be fairly
inefficient [21, 22]. However, the melting temperatures of
actinides are much higher than those of silica or metals,
thus mitigating the issue. While the optical properties of
materials may impose limitations on the type of samples
that can be investigated with the proposed method, we
emphasize that actinide oxides, the most common of the
samples of interest for nuclear forensics, can be effectively
trapped and studied.
In principle, nuclear decay can happen at any loca-
tion within the solid particle. If it does not happen at
the center-of-mass (COM) position, the solid particle will
eventually start rotating due to the conservation of the
total angular momentum of the system (the total exter-
nal torque acting on the system is zero). Before decay
takes place, the angular momenta of the decaying atom
at rest (La = ra × pa = 0) and the non-rotating solid
particle (Ls=0) result in a total zero angular momentum
of the system. Immediately after an off-center decay,
the angular momentum of the solid particle still remains
zero, while the angular momentum of the nuclear parti-
cle Ln = ra × pn and the daughter atom Ld = ra × pd
(both are considered here with respect to the origin of
the coordinate system, placed at the COM of the solid
particle for convenience) must compensate each other to
provide with a total zero angular momentum, since it is
conserved. This immediately results in −pn = pd, which
can be independently derived from the linear momentum
conservation principle right after the decay happens (the
total external force acting on the system is zero). The nu-
clear particle, which we assume leaves the solid particle
without any interaction, can be excluded from further
consideration without loss of generality. Both the to-
tal linear momentum and the angular momentum of the
two-body system are conserved during the interaction of
the daughter and the solid particle. These quantities are
equal to the corresponding values for the daughter right
after decay: pd and Ld. Assuming that the daughter
eventually stops within the solid, e.g. becomes embedded
as part of it, such a solid particle will continue its mo-
tion, characterized by the linear momentum ps = −pn
and angular momentum Ls = −ra × pn. The non-zero
angular momentum (Ls) characterizes the rotation of the
solid particle around its COM (the mass of the daughter
is negligible compared to that of the solid particle), but
the linear momentum (ps) solely characterizes the trans-
lational motion of the solid particle. Thus, the resulting
linear momentum of the solid particle is independent of
the particular location where the decay occurs. There-
fore, by measuring the displacement of the solid particle
with known mass (ms) in an optical trap with specific
frequency (ω), we can reconstruct the linear momentum
(through Eq. 12) and the kinetic energy (through Equa-
tions (4, 6, or 8)) of the nuclear particle emitted in the
process of radioactive decay.
III. PRACTICAL AND FUNDAMENTAL
LIMITS FOR RESOLVING NUCLEAR RECOIL
DISPLACEMENTS
A trapped particle interacts with its surrounding gas
via collisions. At thermal equilibrium, the average en-
ergy of the COM motion in the trap is ∼ kBT , where
T is the temperature of the surrounding gas and kB is
the Boltzmann constant. The Brownian motion of the
trapped particle plays the role of positional noise with
amplitude: ∆xbath =
√
kBT
msω
2 . For a
239PuO2 particle,
Figure 3 (a) illustrates how this noise limits the detection
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FIG. 3. Performance of a 9 kHz optical trap: (a) The dis-
placement due to α−decay in a
239
Pu sample is compared to
the thermal noise at ambient conditions. (b) The displace-
ment due to α−decay in a
239
Pu sample is compared to the
amplitude of the COM motion of a particle cooled to 1.5 mK,
and also compared to the motion of a particle cooled to the
TSQL of 0.42 µK, rescaled from TSQL ∼ 5.6 µK for a 120 kHz
trap, as reported in [4, 23].
of recoils for large particles. Note that for particles less
than 60 nm, recoils can be detected due to the follow-
ing reason. While both the displacements due to nuclear
recoil as well as the displacements due to collisions with
the background gas depend equally on the frequency of
the trap, they scale differently with the particle mass,
1/ms and 1/
√
ms, respectively. The observation of the
recoil for such small particles requires a long acquisition
time (see Fig. 2 (a)), unless one targets isotopes of high
radioactivity.
Since thermal noise obscures nuclear recoils for large
particles, it is essential to isolate such particles from the
environment by removing surrounding air to high vacuum
levels, and by cooling their COM motion via positional
feedback [3, 4]. Active feedback cooling can be realized,
for example, by applying additional radiation pressure to
the trapping beam in order to compensate against par-
ticle displacements caused by collisions with the residual
gas [3]. Using this technique, a temperature of ∼ 1.5
mK has been reached for a 3 µm silica micro-sphere at a
trapping frequency of ∼ 9 kHz along one of the axes, at a
residual pressure of ∼ 5 · 10−5 mbar [3]. It has also been
reported that a particle COM temperature of ∼ 0.1 mK
can be reached with a demonstrated sensitivity of the de-
tection system of 39 fm Hz−1/2, upon improvement of the
cooling technique [3]. In fact, this technique is limited in
practice by the resolution of the detector used to measure
the particle displacement and its instantaneous velocity,
and fundamentally by the photon recoil heating from the
feedback laser beams. In the Rayleigh regime, when the
particle size is smaller than the wavelength of the trap-
ping laser light, the photon recoil limit can be defeated
by applying a parametric feedback technique, a different
method of feedback cooling [4]. A COM temperature of
roughly 450 µK has been demonstrated for 100-nm fused
silica particles by using the parametric feedback cooling
method [5]. This approach works only for nanoparticles,
since it relies on treating the particle as a phase-coherent
antennae in the near field regime.
Finally, the standard quantum limit (SQL) defines the
fundamental cooling limit in an optical trap. This limit
is achieved when the uncertainty of the scattered photon
momentum is equal to the uncertainty of the measured
particle position. If the SQL is reached, the position ac-
curacy scales as ∆x ∼
√
~/(msω) and it is independent
from the laser power directly [23]. However, the SQL is
reached for a particular photon number which depends
on the particle size and the frequency of the trap. There-
fore, the laser power and the trap geometry have to be
properly adjusted for a given particle to reach the SQL.
The SQL temperature itself does not depend on particle
mass or size and scales linearly with the trap frequency:
TSQL ∼ ~ω/kB. The fundamental limit sets the low-
est achievable temperature of ∼ 5.6 µK at a trapping
frequency of 120 kHz [4, 23]. Rescaling the SQL tem-
perature to a 9 kHz trap yields TSQL ∼ 0.42 µK. Fig-
ure 3 (b) compares a typical alpha recoil displacement,
the average particle motion at the experimentally demon-
strated temperature of 1.5 mK [3, 24], and the motion at
the fundamental limit, as a function of 239Pu particle
diameter in a 9 kHz trap. This trap frequency can be
reached for particles over a wide size range by adjusting
the laser parameters and trap configuration. The inter-
section of the recoil curve with the experimental curve
demonstrates that single recoil detection is possible for
particles smaller than 3 µm at experimentally demon-
strated temperatures. Moreover, the intersection of the
recoil curve with the SQL curve at d ∼ 50 µm, suggests
that a single α−recoil can be resolved for practically any
trappable particle upon reaching the SQL. Theoretical
estimates [25–27] demonstrate that COM temperatures
close to the quantum-mechanical ground state can be
reached experimentally, and many research groups are
working towards this limit, motivated by studies in non-
6Newtonian gravitation, Casimir force sensing, measuring
vacuum friction, etc. [3, 4, 28–31]. Finally, for particles
in the range 100 - 500 nm, the recoil displacement is sev-
eral orders of magnitude larger than the experimentally
demonstrated positional noise. This gap is even larger
at SQL temperatures. This suggests that a single recoil
can not only be detected, but the kinetic energy of the
nuclear particle can be reconstructed with good accuracy
using the formalism described in Section II, opening up
the possibility for resolving the decays of individual iso-
topes.
IV. NUCLEAR RECOIL SPECTROSCOPY
As discussed above, efficient cooling of the COM mo-
tion of a particle decreases its displacements due to Brow-
nian motion to significantly smaller amplitudes than the
displacement due to nuclear recoil. However, the di-
rect instantaneous observation of individual recoil events
while the particle is under positional feedback can be ob-
scured, because the feedback will suppress the displace-
ment due to recoil. Yet, the information about the recoil
causing a linear momentum increase would be present
in the feedback signal associated with the particle mo-
tion. In particular, if the displacement due to nuclear
recoil is larger than the resolution of the positional de-
tection system, each event will cause a phase shift of the
signal and increase its oscillation amplitude. An alter-
native approach is to switch the feedback off as soon
as the particle has been cooled to the lowest temper-
ature, followed by switching the feedback on once the
COM temperature is too high to observe the recoil. In
the absence of feedback, heating will cause the noise am-
plitude to grow. Generally speaking, the heating rate
is due to collisions with gas molecules Γgas, photon re-
coils Γphoton, and other experimental noise Γexp, such as
trapping laser noise and mechanical vibrations. In prac-
tice, Γexp dominates the heating rate, providing us with
a time window of the order of a few seconds to observe
the recoil (Γexp ≈ 200 mHz, as experimentally demon-
strated in reference [6] for a 300-nm fused-silica sphere at
5 ·10−6 Torr). Since the time it takes to cool the particle
is typically much shorter (∼10 ms), the duty cycle during
which one can observe nuclear recoils is expected to be
above 90% for such pulsed sequence. Ultimately, there
is a trade off between the duty cycle and the affordable
noise level. Since the COM temperature depends linearly
on the interaction time at pressures of the order of∼ 10−5
mbar [22], this results in a shorter time interval when
the feedback is turned off. In contrast, the parametric
feedback damping rate depends quadratically on the po-
sitional noise amplitude. Therefore, the effective time to
cool down the motion of the particle is practically inde-
pendent of the upper temperature [22]. In other words,
in order to decrease the positional noise level, and hence
increase the resolution of a recoil displacement measure-
ment, one may sacrifice the duty cycle and prolong the
FIG. 4. SNR for α−recoil spectroscopy in a 9 kHz op-
tical trap for a
239
PuO2 sample at different temperatures:
TCOM = 1.5 mK, Tnoise = 0.1 mK (as demonstrated in [3]),
and TSQL = 0.42 µK.
observation time.
Measurement of a nuclear recoil with good positional
resolution allows resolving the kinetic energies of the
emitted decay particles. As mentioned in section III, the
COM particle motion plays the role of positional noise for
recoil detection. In the regime where particle oscillations
in the trap are stochastic, the recoil displacement adds
to the instantaneous particle motion. Even in the regime
when the particle motion is coherent, the decay-initiated
recoil still happens with a random phase with respect to
the particle oscillation in the trap. Nevertheless, assum-
ing randomly distributed Gaussian noise on the measured
recoil displacement, we introduce the signal-to-noise ra-
tio (SNR) for the recoil displacement along x−axis as
SNRx = ∆xrec/∆xbath. For alpha decay, the kinetic en-
ergy of the α−particle scales as ∼ ∆x2rec according to
Eqs. (4) and Eq. (12). For a SNRx >> 1, using the Tay-
lor series expansion and keeping only linear terms, we
find: SNRα = Erec/∆E ≃ 0.5·∆xrec/∆xbath ∼ m−1/2s ∼
ρ−1/2 · d−3/2. Figure 4 shows the SNRα as a function of
diameter for α−decay within a 239PuO2 particle, as de-
scribed in Eq. (2). The dependence is presented for this
particle in a 9 kHz optical trap at different temperatures
related to the fundamental limit, TSQL = 0.42 µK, the
noise of the position detection system, Tnoise = 0.1 mK as
demonstrated in [3], and the temperature of the center-
of-mass motion, TCOM = 1.5 mK, achievable with one
of the two previously described cooling methods depend-
ing on the particle size [3, 5] (see section III for details).
Figure 4 shows that cooling the motion of the particle to
lower temperatures allows to reach higher SNRs, expand-
ing the size range towards larger particles, and hence, al-
lowing the detection of recoil in less radioactive materials.
In contrast, at higher temperatures, detecting α−recoil
with good resolution is limited to smaller particles, which
requires longer acquisition times.
To ensure adequate acquisition times at experimentally
7demonstrated temperatures, consider a highly radioac-
tive sample of 209Po containing 9% 208Po and 1% 210Po.
The half-lives of these isotopes are 124 years, 2.9 years
and 138 days, respectively. Polonium isotopes undergo
α−decay to Pb isotopes according to the equations:
208Po→ 204Pb2− + α2+,
209Po→ 205Pb2− + α2+,
210Po→ 206Pb2− + α2+.
(13)
209Po decays predominantly to the excited level (2.3 keV)
and ground level of 205Pb with probabilities of 79.2 %
and 19.7 %, respectively, while both 208Po and 210Po
decay predominantly to the ground levels of their daugh-
ters [9]. Figure 5 shows the α−energy spectrum, con-
structed from calculated particle recoils in a 9 kHz trap
at different temperatures using the formalism presented
thus far. At 1.5 mK, the energy peaks for each isotope
are well-resolved for a 70-nm particle (Fig. 5 (a)), allow-
ing the extraction of isotope ratios. This can be done by
integrating the areas under the curves while accounting
for the decay rate of each isotope. The average recoil rate
is one α−recoil per ∼ 26.3 min for the 209Po isotope with
abundance of 90% in the 70-nm particle. In contrast, a
shorter average time is required (∼ 3.3 min) to observe
a single α−recoil in a 140-nm particle. However, for a
particle of this size at 1.5 mK, the peaks are not resolved
(Fig. 5 (b)). At the COM temperature of 0.1 mK (the
position detection noise demonstrated in [3]), the peaks
are well-resolved for both particle sizes. Finally, upon
reaching the SQL temperature (0.42 µK), it is possible
to resolve the nuclear energy structure of 209Po decay in
the 70-nm particle, despite the alpha energies being only
∼ 2 keV apart from each other.
The half-life on the excited level of 205Pb (2.3 keV)
is 24.2 µs [9]. The γ−recoil displacement is ∼ 3 and
∼ 10 times smaller than the positional noise at TSQL
for 70-nm and 140-nm particles, respectively, and there-
fore, we can ignore the effect of the γ−decay spectrum
broadening in the example of Figure 5. However, for very
small particles and/or low trap frequencies, the γ−decay
broadening can be a dominant effect upon reaching the
SQL temperature. Consider two close alpha particle
energies: E1 and E2 = E1 + ∆E. Assuming that
γ−decay happens immediately after α−decay (on the
time scale of the detection system), there could be spec-
trum broadening, as mentioned in section II. The dif-
ference in α-recoil displacements can be calculated using
Eqs. (4) and (12). After linearization (∆E << E1,2) one
finds: ∆xα1 − ∆xα2 ≃ ∆E
√
2mα/E1/(2msω). Assum-
ing the γ−particle is emitted with energy ∼ ∆E, or sim-
ply that γ−decay in the daughter occurs between these
two energy levels, we find the γ−recoil displacement us-
ing Eqs. (8) and (12): ∆xγ = ∆E/(msωc). The ratio
(∆xα1 − ∆xα2 )/∆xγ ≃
√
mαc
2/(2E1) >> 1, since the
α−particle rest energy is ∼ 3.7 GeV, while the typical
kinetic energy of an α−particle rarely exceeds 10 MeV.
210Po
209Po
208Po
(a)
210Po
209Po
208Po
(b)
FIG. 5. α−recoil spectroscopy in a 9 kHz optical trap for
a
209
Po sample containing 9%
208
Po and 1%
210
Po: (a)
d = 70 nm and (b) d = 140 nm. The insets demonstrate
the resolved (a) and unresolved (b) nuclear energy structure
of
209
Po decay: α−particle kinetic energies of ∼ 4883 keV
and ∼ 4885 keV are related to the
205
Pb daughter being in
the excited and ground states, respectively. The upper hor-
izontal axes relate the displacement of the solid particles to
the kinetic energy of the emitted nuclear particles.
Therefore, the γ−recoil broadening would not be large
enough to obscure the nuclear energy structure of the
daughter atom.
Upon reaching the SQL temperature in a lower fre-
quency trap, γ−recoil can play a significant role in broad-
ening of the spectrum, since it scales as (mω)−1, while
the positional noise at TSQL scales as (mω)
−1/2. Con-
sider an 80% 239Pu/20% 240Pu sample in a 0.9 kHz trap.
According to Eq. (2), 239Pu decays to the excited lev-
els of the daughter (235U): E1 = 0.0765 keV (70.77%),
E2 = 13.04 keV (17.11%), E3 = 51.7 keV (11.94%),
etc. [9]. The half-life of these excited levels are 26 min,
500 ps, and 191 ps for E1, E2, and E3, respectively [9].
8239Pu
240Pu
239Pu
239Pu
240Pu
FIG. 6. α−recoil spectroscopy in a 0.9 kHz optical trap
for an 80%
239
Pu/20%
240
Pu particle (d = 300 nm) at
TSQL = 42 nK with and without γ−recoil broadening. In-
set demonstrates that the SNR for detecting α−recoil (Eα =
5105.5 keV) in small particles is dominated by the associated
γ−decay (Eγ = 51.7 keV).
Similarly, 240Pu α−decays to the ground (72.8%) and
excited, E1 = 45.2 keV, level (27.1%) of the daughter
(236U), where the half-life of the excited level (E1) is
234 ps [9]. Figure 6 shows the alpha spectrum for this
sample, constructed in the approximation of only posi-
tional noise at TSQL = 42 nK, and with additionally ac-
counted γ−decay. In this case, the SNR for each α−peak
is calculated individually with and without the associated
gamma energy. The inset in Fig. 6 shows the SNR for the
α−peak, Eα =5105.5 keV, calculated in the approxima-
tion of only positional noise at TSQL, in the approxima-
tion of only γ−decay noise, and, when both effects are
included. For particles smaller than 200 nm, the total
noise approaches the γ−decay noise asymptotically, en-
tering the regime where it is independent of particle size
or trap frequency, since α− and γ−kicks have a similar
dependence on these parameters.
So far, we have discussed the applications of nuclear
recoil spectroscopy for the study of samples composed of
different isotopes of the same element. Another possible
application of this method is obtaining the ratio of the
elements in a sample belonging to the same nuclear de-
cay chain, which would allow the determination of the
age of the sample. For example, consider a hypothetical
sample of recently purified 241Pu (half-life ∼14.3 years).
This isotope beta-decays to 241Am with a probability of
99.998% as described in equation (5), and alpha-decays
with a probability of only 0.00247%, according to,
241Pu→ 237U2− + α2+, (14)
The most frequent decay product for 241Pu is 241Am,
which in turn α−decays to 237Np according to equa-
tion (7). Figure 7 (a) presents the α−decay spectrum
constructed from particle recoil for a sample of 241Pu
241Pu
241Am
(a)
241Am(α)
241Am(α)
241Am(α)241Pu(β)
FIG. 7. (a) α−recoil spectrum for a recently purified
241
Pu
sample containing 1%
241
Am for various particle diameters.
(b) α− and β−recoil spectrum for an aged
241
Pu sample con-
taining 4.5%
241
Pu and 86%
241
Am for d = 0.2 µm. The
beta part of the spectrum is plotted in the approximations of
massless neutrino and no distortion by the Coulomb potential.
with 1% ingrown 241Am, which corresponds to an age
of ∼ 76 days since last purification. The spectrum is
plotted for particles of different sizes, and the widths are
defined by the positional noise at TSQL = 0.42 µK in
a 9 kHz optical trap. The effects of γ−broadening are
not included in the calculations, since they are negligi-
ble in comparison to the positional noise broadening for
these large particle sizes. It takes on average ∼33 min,
∼4 min, and ∼1 min for 1 µm, 2 µm, and 3 µm size par-
ticles, respectively, for one alpha decay of 241Pu in this
sample to occur. As shown in Fig. 7 (a), the peak widths
depend strongly on the particle size. This suggests that
selecting a smaller particle is advantageous for obtaining
a better resolution, and hence, a better accuracy for ex-
tracting the ratio of the isotopes of the sample. On the
other hand, in order to obtain proper statistics of the
displacements for a short time interval in comparison to
the accuracy of the age determination, it would be ben-
eficial to analyze a bigger particle. Therefore, there is
9a trade-off between the analysis time and energy resolu-
tion, which can be mitigated by lowering trap frequencies
and cooling the COM motion to lower temperatures.
For comparison, consider an aged sample of 241Pu
(4.5%) with ingrown 241Am (86%), which corresponds to
an age of 64 years since last purification. For this sample,
α-decays in 241Pu are very rare in comparison to 241Am
decays, and therefore, alpha-recoil spectrometry is not
able to provide an accurate isotope composition within a
reasonable time. However, our method is capable of mea-
suring both alpha and beta recoils simultaneously, which
is useful for this example, because the decay of 241Pu is
dominated by beta decay. Figure 7 (b) depicts the com-
bined alpha and beta decay spectrum for this sample for
a 0.2 µm particle at the SQL temperature (0.42 µK) in a
9 kHz trap. Note that the beta peak is asymmetric. For
simplicity, it is plotted in the approximation of massless
neutrino, ignoring both the distortion by the Coulomb
potential [32], and the spectrum broadening due to posi-
tional noise. We speculate that the beta spectrum can be
reconstructed from the proposed experiment as far as the
positional noise (∼ 17 pm at TSQL in a 9 kHz trap) is less
than the recoil displacement (∼ 29 pm) for a β−particle
with mean β−energy (5.2 keV).
V. DISCUSSION
We expect that nuclear recoil spectroscopy of optically
levitated particles, as proposed here, will be beneficial to
the analysis of small particle samples, ranging from sev-
eral nanometers to several micrometers, a type of analy-
sis that is difficult by common mass spectrometry tech-
niques. In principle, our approach can be universally
applied to the analysis of any radioactive sample, as long
as the activity and size of the particle lie within the lim-
its described here. The proposed technique does not re-
quire the use of specific detectors for each type of emit-
ted radiation, because it does not rely on the detection of
emitted particles, as in conventional alpha/beta/gamma
spectrometry.
Having established that it is possible to detect and ana-
lyze individual displacements due to nuclear recoil in our
system, we turn our attention to other possible applica-
tions aside from a nuclear recoil spectrometer. First, the
possibility to resolve each individual recoil without ac-
tual detection of the emitted nuclear particle will allow
the measurement of decay rates, and shed light into the
“uncertainty of the half-life” debate [33]. Oscillations in
the decay rate are predicted by the theory of quantum
mechanics [34, 35]. These oscillations are expected to
happen only at very short time scales (Zeno and anti-
Zeno effects [36]), or at very long time scales [37], with
respect to the half-life. Some violations of these predic-
tions have been observed at the very short time scale [38].
In addition, some research groups have reported on the
observation of seasonal oscillations in the measured decay
constant at time scales of the order of the half-life [39, 40],
which have been potentially explained as the effects of
neutrino impacts on the nuclear decay process, because
the neutrino flux varies depending on the distance from
the Sun to the Earth [41], and also by the effects of cos-
mic neutrinos from dark matter [42]. Controversially,
other research groups have explained these oscillations
as errors on the ionization chamber measurements used
for detection of nuclear particles [43–45]. They suggest
that these errors experience seasonal oscillations due to
temperature fluctuations within the laboratory environ-
ment. Such temperature fluctuations do not seem to be
problematic for our method of nuclear recoil detection.
In addition, it may soon be possible to study pluto-
nium particle migration, which is observed routinely dur-
ing plutonium operations, but has not been conclusively
explained yet [8]. Specifically, long distance migration of
plutonium metal and plutonium oxide particles cannot
be fully explained by recoil alone. It is more likely to be
caused by either particle fragmentation, or evaporation
due to the high temperature of the bulk. The experimen-
tal scheme proposed here may be able to aid in providing
an explanation of this phenomenon.
With regards to fundamental physics, we speculate
that our approach may be of interest in the area of neu-
trino research. As discussed in section II, the presence
of neutrinos can clearly be observed during a beta decay
process. Currently, there is a great interest in measuring
the neutrino mass [46–48], and in searching for neutrino-
less double-β decay [10, 49, 50]. However, despite the
expected high resolution measurements of displacements
due to recoil, our proposed system does not detect beta
and neutrino emissions independently. An additional way
of measuring the energy and momentum of a beta parti-
cle would be necessary for this purpose [51].
VI. CONCLUSION
In this work, we have demonstrated that it should be
possible to detect and analyze nuclear decay events in an
optically levitated particle. We have pointed out how the
sensitivity of this detection system scales with the typ-
ical parameters of a realistic experiment. We have also
discussed the possible application of this approach to a
novel method of nuclear recoil spectroscopy, in particu-
lar, of those materials which are of interest to nuclear
forensics.
VII. ACKNOWLEDGMENTS
We thank the Chemistry Division of Los Alamos Na-
tional Laboratory for providing program development
funds, and Dr. Joshua Bartlett for helpful discussions.
10
[1] C. G. Lee, K. Iguchi, J. Inagawa, D. Suzuki, F. Esaka,
M. Magara, S. Sakurai, K. Watanabe, S. Usuda, J. Ra-
dioanal. and Nucl. Chem. 272, 299 (2007).
[2] T. Li, S. Kheifets, D. Medellin, M.G. Raizen, Science
328, 1673 (2010).
[3] T. Li, S. Kheifets, M.G. Raizen, Nature Phys. 7, 527
(2011).
[4] J. Gieseler, B. Deutsch, R. Quidant, L. Novotny, Phys.
Rev. Lett. 109, 103603 (2012).
[5] V. Jain, J. Gieseler, C. Moritz, C. Dellago, R. Quidant,
and L. Novotny, Phys. Rev. Lett. 116, 243601 (2016).
[6] G. Ranjit, M. Cunningham, K. Casey, A.A. Geraci, Phys.
Rev. A 93, 053801 (2016).
[7] D.C. Moore, A.D. Rider, and G. Gratta, Phys. Rev. Lett.
113, 251801 (2014).
[8] R.H. Condit, L.W. Gray, M.A. Mitchell, “Pseudo-
evaporation of high specific activity alpha-emitting ma-
terials”, LLNL-CONF-656061 (2014).
[9] https://www-nds.iaea.org/relnsd/NdsEnsdf/
QueryForm.html.
[10] A. Gando et al. (KamLAND-Zen Collaboration), Phys.
Rev. Lett. 117, 082503 (2016).
[11] C.W. Sherwin, Phys. Rev. 73 (3), 216 (1948).
[12] C.W. Sherwin, Phys. Rev. 73 (10), 1173 (1948).
[13] G. Nelson and D. Reilly, “Gamma-Ray Interactions
with Matter”, http://www.lanl.gov/orgs/n/n1/panda/
00326397.pdf.
[14] W.S.C. Williams, “Nuclear and Particle Physics, Oxford
University Press, Oxford (1991).
[15] R.G. Albridge and J.M. Hollander, Nucl. Phys. 21, 438
(1960).
[16] F.E. Chukreev, V.E. Makarenko and M.J. Martin, Nucl.
Data Sheets 97, 129 (2002).
[17] A. Ashkin, J.M. Dziedzic, J.E. Bjorkholm, S. Chu, Opt.
Lett., 11, 288 (1986).
[18] K.C. Neuman and S.M. Block, Rev. Sci. Instrum. 75,
2787 (2004).
[19] F. Hajizadeh, S. Nader and S. Reihani, Opt. Express 18
(2), 551 (2010).
[20] R. Saija et al., Opt. Express 17 (12), 10231 (2009).
[21] J. Millen, T. Deesuwan, P. Barker and J. Anders, Nat.
Nanotech. 9, 425 (2014).
[22] E. Hebestreit, R. Reimann, M. Frimmer, L. Novotny,
”Measuring the Internal Temperature of a Levitated
Nanoparticle in High Vacuum”, arXiv:1801.01164 (2018).
[23] J. Gieseler, B. Deutsch, R. Quidant, L. Novotny,
https://journals.aps.org/prl/supplemental/10.1103/
PhysRevLett.109.103603/SupplementaryInformation2.pdf.
[24] The experimentally reachable temperatures along each
axis depend on particle size, trap geometry, and also on
the particular position diagnostics and cooling methods
employed. Thus, the temperatures along different axes
may vary. However, here we neglect these dependencies
for simplicity.
[25] D.E. Chang, C.A. Regal, S.B. Papp, D.J. Wilson, J. Ye,
O. Painter, H.J. Kimble, and P. Zoller, Proc. Natl. Acad.
Sci. U.S.A. 107, 1005 (2009).
[26] O. Romero-Isart, M.L. Juan, R. Quidant and J.I. Cirac,
New Journal of Physics 12, 033015 (2010).
[27] Y. Michimura, Y. Kuwahara, T. Ushiba, N. Matsumoto,
and M. Ando, Opt. express 25 (12), 13799 (2017).
[28] A.A. Geraci, S.B. Papp, and J. Kitching, Phys.Rev.Lett.
105, 101101 (2010).
[29] E. Verhagen, S. Delglise, S. Weis, A. Schliesser and
T.J. Kippenberg, Nature 482, 63 (2012).
[30] R. Onofrio, New J. Phys. 8 237 (2006).
[31] J. Gieseler, L. Novotny, R. Quidant, Nat. phys. 9, 806
(2013).
[32] Chapter 8 Beta Decay, http://oregonstate.edu/instruct/
ch374/ch418518/Chapter%208%20Beta%20Decay-
rev.pdf.
[33] S Pomme, Metrologia 52, S51 (2015).
[34] L.A. Khalfin, JETP 6, 1053 (1958).
[35] P.T. Greenland, Nature 335, 298 (1988).
[36] A.Z. Chaudhry, Sci. Rep. 6, 29497 (2016).
[37] C. Rothe, S.I. Hintschich, A.P. Monkman, Phys. Rev.
Lett. 96, 163601 (2006).
[38] S.R. Wilkinson, C.F. Bharucha, M.C. Fischer,
K.W. Madison, P.R. Morrow, Q. Niu, B. Sundaram and
M.G. Raizen, Nature 387, 575 (1997).
[39] D.E. Alburger, G. Harbottle, E.F. Norton, Earth Plan.
Sci. Lett. 78, 168 (1986).
[40] H. Siegert, H. Schrader, U. Schtzig, Appl. Rad. Isot. 49,
1397 (1998).
[41] E. Fischbach, J.H. Jenkins, P.H. Sturrock, “Evidence for
time-varying nuclear decay dates: experimental results
and their implications for new physics”, arXiv:1106.1470
(2011).
[42] A.G. Parkhomov, J. Mod. Phys. 2, 13101317 (2011).
[43] S. Pomme et al., Phys. Lett. B 761, 281 (2016).
[44] S. Pomme, H. Stroh, T. Altzitzoglou, J. Paepen,
R. Van Ammel, K. Kossert, O. Nahle, J.D. Keightley,
K.M. Ferreira, L. Verheyen, M. Bruggeman, Appl. Ra-
diat. Isot. 134, 6 (2018).
[45] T.M. Semkow, D.K. Haines, S.E. Beach, B.J. Kilpatrick,
A.J. Khan and K. OBrian, Phys. Lett. B 675, 415 (2009).
[46] G. Drexlin, V. Hannen, S. Mertens, C. Weinheimer, Adv.
High Energy Phys. 2013, 1 (2013).
[47] S. Mertens, J. Phys.: Conf. Ser. 718, 022013 (2016).
[48] M. Jerkins, J.R. Klein, J.H. Majors, F. Robicheaux and
M.G. Raizen, New J. Phys. 12, 043022 (2010).
[49] G. Gratta, “Particle physics: Search for neutrinoless
double-beta decay”, News and Views, Nature (Sept 21,
2016) doi:10.1038/nature19473.
[50] C.E. Aalseth et al. (Majorana Collaboration) Phys. Rev.
Lett. 120, 132502 (2018).
[51] E.W. Otten, New J. Phys. 13, 078001 (2011).
